INTRODUCTION
Speciation generates discrete populations, which serve an important role for maintaining novel adaptations during evolution. Speciation requires reproductive isolation between diverging populations. In sexual organisms, reproductive isolation is achieved by two general mechanisms, namely prezygotic isolation caused by mating discrimination or unsuccessful gamete recognition, and postzygotic isolation caused by hybrid inviability or sterility. Understanding the genetic components of the isolation mechanisms may help us determine the selective forces initiating the divergence or maintaining the integrity of species. However, this has been a difficult issue to tackle by genetic approaches since the hybrids are often unavailable.
One way to overcome this obstacle is to study sibling or incipient species in which the hybrids are partially viable or fertile. In the past few decades, studies in different organisms have revealed some general mechanisms of postzygotic isolation, including chromosomal rearrangement, DNA sequence divergence and genetic incompatibility (Rieseberg and Willis, 2007; Wu and Ting, 2004) . Chromosome rearrangement affects the fitness of F1 gametes by generating unbalanced genome composition, with some genes overrepresented and others underrepresented. DNA sequence divergence interferes with homologous chromosome recombination during meiosis I, which leads to improper chromosome number in the F1 gametes. The idea of genetic incompatibility, first proposed by Dobzhansky and Muller (Dobzhansky, 1937) , postulates that some biological processes may not function properly when they are performed by components encoded by a mixture of alleles from two different species. Since strong reproductive isolation can be created by only a few interacting genes, these genes are also called speciation genes. Evolution of speciation genes is generally thought to be driven by adaptive evolution (Orr et al., 2004) . Identifying these genes will provide more information about how speciation occurs. So far, only a handful of speciation genes have been identified, and most of those known are in flies (Brideau et al., 2006; Presgraves et al., 2003; Ting et al., 1998) . The molecular nature of speciation genes in other organisms is largely unknown.
The baker's yeast Saccharomyces cerevisiae and its close relative Saccharomyces bayanus have been observed to coexist in natural and winery environments (Groth et al., 1999) . Most importantly, they can mate with each other freely in laboratory conditions. Diploid hybrids collected from the wild or constructed in the laboratory can reproduce asexually without showing any obvious defects. However, their gamete (spore) viability is only about 0.5%, suggesting that there is a strong postzygotic reproductive isolation between S. cerevisiae and S. bayanus. Previous studies in yeasts have suggested that both chromosomal rearrangement and DNA sequence divergence contribute to the hybrid sterility (Delneri et al., 2003; Hunter et al., 1996) , yet it is still unclear whether genetic incompatibility is involved. Studies by Greig et al. (2002a) have shown that F1 spore viability is rescued in a hybrid allotetraploid that contains two copies of the parental genomes. This result rules out the possibility that genetic incompatibility has serious dominant effects on hybrid meiosis leading to spore inviability. Nonetheless, their experiment leaves open the possibility that if genetic incompatibility acts recessively, it will become evident only in the haploid F1 gametes or homozygous diploid F2 progeny.
To look for this form of genetic incompatibility, we set up a screen to search for recessive speciation genes between S. cerevisiae and S. bayanus. From a total of 13 S. bayanus chromosomes screened, only one hybrid line containing S. bayanus Chromosome 13 showed strong genetic incompatibility, leading to complete sterility in homozygous diploids. The S. bayanus AEP2 gene, located on Chromosome 13, which originally assisted in the translation of the mitochondrial gene OLI1 encoding a subunit of the ATP synthase complex (Finnegan et al., 1991) , was unable to function in S. cerevisiae mitochondria. This respiration defect led to sporulation failure in the hybrids.
RESULTS

Homozygous Hybrid F2 Progeny Have Defects in Cell Growth and Sporulation
Previous studies have suggested that chromosome translocation and DNA sequence divergence contribute to postzygotic isolation in yeasts. However, both mechanisms only work well in heterozygous F1 hybrids. Homozygous F2 progeny generated from viable homothallic spores should not be affected. On the other hand, if genetic incompatibility as proposed in the Dobzhansky-Muller model is involved, sterility or growth defect will persist even in the F2 homozygous hybrids (Greig, 2008) . We tested this idea by selecting 40 viable F1 spores from a cross between S. bayanus and S. cerevisiae, self-mating them to make homozygous F2 diploids and examining their fitness and fertility ( Figure S1 available with this paper online). We found that 85% of them were completely sterile and most of them had reduced fitness. The sterility in hybrid homozygous F2 progeny cannot be explained by either chromosome translocation or DNA sequence divergence; thus it strongly suggests that genetic incompatibility may exist between these two species.
Construction of Chromosome Replacement Lines
In order to determine the incompatibility between S. cerevisiae and S. bayanus chromosomes, we systematically replaced individual S. cerevisiae chromosomes by their S. bayanus homologs and examined their effects on the hybrid cells. In previous studies, it has been shown that some pairs of S. bayanus chromosomes (Chromosome pairs 6-10, 8-15, and 2-4-14) contain reciprocal translocations when compared with the S. cerevisiae homeologous chromosomes (Fischer et al., 2000) . For these chromosomes, we had to replace the translocated pairs altogether. We induced hybrid diploid cells of S. cerevisiae and S. bayanus to sporulate and viable haploid cells were backcrossed to S. cerevisiae repeatedly until the nontargeted chromosomes were all from S. cerevisiae. The total process took about 5 to 7 backcrosses. When we started our experiments, we performed two sets of backcrosses. In the second set, the SPO11 gene essential for meiotic double-strand break formation was deleted in all parental S. bayanus and S. cerevisiae strains to prevent any meiotic recombination between homeologous chromosomes during the backcross (Keeney et al., 1997) . However, we found no obvious phenotypic difference between the end products of these two backcross sets except that chromosome translocation events were slightly increased in the first set. We successfully obtained most of the replacement lines except for two cases. Chromosome 5 could not be separated from Chromosome 7 after several tries, suggesting an unknown translocation might exist between these two chromosomes. For the Chromosomes 2 + 4 + 14 line, all our strains were aneuploid, so we decided not to analyze them.
After generating these hybrid strains, three assays were used to ensure that they were the correct hybrid haploid lines. In the first assay, all the strains were checked by PCR with speciesspecific primers for each chromosome from both species. In the second assay, the hybrid karyotypes were analyzed by pulsed field gel electrophoresis to rule out aneuploidy or large irregular chromosomal translocations (see Figure S2 as an example). After passing the first two tests, two to four clones from each line were subjected to array-based Comparative Genomic Hybridization (aCGH) using S. cerevisiae oligoarrays. Our previous data had shown that genomic DNA from S. bayanus hybridizes much more weakly to our oligoarrays in about 82% of genes due to sequence divergence (our unpublished data), thus we were able to use hybridization levels to differentiate between the orthologs of S. cerevisiae and S. bayanus (see Figure S3 as an example). The aCGH results allowed us to identify small regions of duplication or homeologous chromosomal exchange occurring during the strain construction. We found no such regions in our hybrid lines.
Characterization of the Hybrid Lines
The fact that we could successfully obtain most of the chromosome replacement lines suggested that individual S. bayanus chromosomes would not cause haploid cell lethality. Some of the lines showed slower growth rates in rich media (Figure 1) , Cells were preadapted to the rich medium for 1 day and those in the early log phase were used for the competitive relative fitness assay. Three independent replicates for each fitness measurement were performed. A temperature of 22 C instead of 30 C was used in this experiment because the growth rates of S. cerevisiae and S. bayanus were similar at 22 C but differed significantly at 30 C. **, the growth rate of the hybrid line was significantly different from the pure strains (p < 0.001, two-tailed t test). Error bars are ± 1 standard deviation.
but there was no strong correlation between the fitness effect and the chromosome length. An important aspect of postzygotic reproductive isolation is hybrid sterility. We crossed a and a cells from the same replacement lines to construct homozygous diploids and measured their sporulation efficiency and spore viability. As shown in Table 1 , most of the hybrid lines had only mild defects in their sporulation or spore viability, suggesting either that most of the chromosomes do not carry speciation genes with strong effects or that the interacting components are located on the same chromosome. In contrast, the Chromosome 13 line was completely sterile, indicating genetic incompatibility between S. bayanus Chromosome 13 and the other S. cerevisiae chromosomes.
Yeast cells utilize nonfermentable carbon sources to induce meiosis. We found that the Chromosome 13 line could not grow in a medium containing glycerol as the sole carbon source, suggesting that its sporulation defect might be caused by defects in its respiratory pathway. To investigate whether the genetic incompatibility in the Chromosome 13 line is dominant or recessive, we crossed the hybrid cells with either S. cerevisiae or S. bayanus haploids. Diploids from both crosses showed no sporulation defect, indicating that the incompatibility is recessive.
S. cerevisiae AEP2 Rescues the Sporulation Defect of the Hybrid Cells
We screened a S. cerevisiae genomic DNA library to search for genes that could rescue the respiratory defect of the Chromosome 13 line. In a total of 23 rescued colonies, we recovered three different types of clones. All of these clones contained the AEP2 gene, which is located on Chromosome 13 and encodes a mitochondrial protein. We further confirmed that S. cerevisiae AEP2 (Sc-AEP2) was able to rescue the sporulation defect of the Chromosome 13 diploids or the Chromosome 13 diploids with the S. bayanus AEP2 (Sb-AEP2) gene deleted. In addition, when the Chromosome 13 line was crossed to a S. cerevisiae aep2 mutant, these hybrids failed to sporulate. These results show that the sporulation defect of the Chromosome 13 line is due to the respiratory defects caused by incompatibility between Sb-AEP2 and S. cerevisiae gene(s) located outside Chromosome 13.
Dobzhansky-Muller incompatibility is caused by two or more interacting genes from two species. To search for the genes that interact with Sb-AEP2, we sporulated the hybrid diploids of S. bayanus and S. cerevisiae and screened for viable F1 haploids that carried S. bayanus Chromosome 13 but had functional respiration (see experimental procedures for details). The rationale was that these haploids should contain both Sb-AEP2 and S. bayanus chromosomes with the AEP2's interacting genes. In about 500 colonies that carried S. bayanus Chromosome 13, none of them could grow on glycerol plates. This result suggests that either the Sb-AEP2 interacting genes are located on several different chromosomes or they are not on S. bayanus nuclear chromosomes.
Incompatibility between Sb-AEP2 and S. cerevisiae Mitochondria It has been reported that, in hybrid cells, one parental type of mitochondrion is preferentially transmitted into progeny (Marinoni et al., 1999) . We observed a similar phenomenon in our hybrid diploids: S. cerevisiae mitochondria (Sc-mitochondria) quickly came to dominate the whole population. We grew 28 F1 hybrid zygotes asexually for about 30 generations (i.e., from a single zygote to 1 3 10 9 cells), isolated total genomic DNA from each culture and checked the mitochondrial DNA by PCR using S. cerevisiae or S. bayanus mitochondrion-specific primers. In 28 cultures, we only detected a very faint signal from S. bayanus mitochondrial DNA in one culture. When we diluted the cultures to grow the cells for another 13 generations and repeated the PCR analysis, we did not detect any S. bayanus mitochondrial DNA in all 28 cultures. If the Sb-AEP2 interacting genes were located on the S. bayanus mitochondrial genome, the loss of S. bayanus mitochondria (Sb-mitochondria) during the propagation of the diploids would explain why we had failed to obtain any respiration-competent haploid clone carrying Sb-AEP2 in the previous experiment. To further test this idea, we crossed S. bayanus with a S. cerevisiae r mutant devoid of any mitochondrial DNA and examined the F1 haploids. In contrast to previous results, we found that about 30% of the Sb-AEP2-carrying haploids could grow on glycerol plates. This result suggests that Sb-mitochondria are essential for normal respiration in the cells containing Sb-AEP2. The observation that hybrid diploids from a cross between the Chromosome 13 line and a S. bayanus r mutant are deficient in respiration provides further evidence for the hypothesis of incompatibility between Sb-AEP2 and Sc-mitochondria.
Sb-Aep2 Fails to Facilitate S. cerevisiae OLI1 Translation in the Hybrid Line Why is Sb-AEP2 unable to function in the Chromosome 13 line? Some possible reasons are that the Sb-AEP2 gene is misexpressed, Sb-Aep2 fails to be transported into Sc-mitochondria, or Sb-Aep2 cannot function properly in Sc-mitochondria. We quantified the AEP2 expression level using RT-PCR (Figure 2A ), which showed that Sb-AEP2 is transcribed normally in the Chromosome 13 line. To investigate whether the hybrid cells have trouble transporting Sb-Aep2 into Sc-mitochondria, Aep2 was tagged with yellow fluorescent protein (YFP) and its localization was examined by fluorescent microscopy. In both wild-type and the Chromosome 13 hybrid lines, Aep2 was transported into mitochondria ( Figure 2B ), thus the incompatibility did not occur in the transportation process. Previous studies have suggested that Aep2 interacts with the 5 0 -UTR region of the OLI1 mRNA to facilitate its translation (Ellis et al., 1999) . This observation makes OLI1, a gene encoding F0-ATP synthase subunit 9 and encoded in the mitochondrial genome (Trembath et al., 1975) , a possible candidate for the AEP2 interacting gene. By comparing the 5 0 -UTR regions of OLI1 from S. cerevisiae and S. bayanus, we found that they have dramatically diverged in both sequence and length (644 nt in S. cerevisiae versus 233 nt in S. bayanus, Figure S4 ). We further analyzed the translation products from purified mitochondria and found that translation of OLI1 mRNA was impeded in the Chromosome 13 line, suggesting that the interaction between Sb-Aep2 and Sc-OLI1 mRNA was impaired ( Figure 2C ). Finally, we found that the deficiency of OLI1 translation was not simply due to a reduced activity of Sb-Aep2 since overexpressing Sb-AEP2 in the Chromosome 13 line did not improve the respiratory defect. Sc-AEP2 Is Partially Incompatible with S. bayanus Mitochondria Interacting components of the incompatible gene pairs might evolve differently in different species. Since we observed that Sb-AEP2 is completely incompatible with Sc-mitochondria, we asked whether such strong incompatibility also exists between Sc-AEP2 and Sb-mitochondria. S. bayanus aep2 mutant cells carrying an ectopic copy of either Sb-AEP2 or Sc-AEP2 were grown in different media and their growth rates were measured. We found that although Sc-AEP2 could partially rescue the respiration defect of the S. bayanus aep2 mutant, the Sc-AEP2-carrying cells did not grow as well as the Sb-AEP2-carrying cells in both glucose and glycerol media (Figure 3) , indicating that incompatibility in these two species was partially symmetrical.
Multiple Mutations Are Involved in the Change of the Sb-AEP2 Functions
The amino acid sequence of Sb-AEP2 has significantly diverged from Sc-AEP2. To understand which changes are important for the functional change of Sb-AEP2, we constructed several hybrid AEP2 genes and assayed their functions in the Chromosome 13 line (Figure 4) . Although the N-terminal regions show the most diversity, exchanging this region did not affect its function (Figure 4 , mutant H-AEP2-bc). In contrast, the region between aa 348 and aa 496 plays a critical role. When this region was further dissected in the constructs H-AEP2-bcb and H-AEP2-m3, both failed to restore respiration in the Chromosome 13 line. This result suggests that multiple critical mutations have occurred during the functional diversification of Sc-AEP2 and Sb-AEP2, a sign of adaptive evolution.
S. bayanus Outperforms S. cerevisiae on Nonfermentable Carbon Sources
It has been proposed that genetic incompatibility evolved as a byproduct of other adaptive evolution. Since both AEP2 and OLI1 are involved in the respiration pathway, we investigated whether these two species performed differently in different carbon sources. We measured their growth rates in a glucosecontaining medium, in a glycerol-containing medium and in a transition medium that changed from glucose to glycerol (Figures 5A-5C ). S. cerevisiae had a higher growth rate when glucose was the sole carbon source. In contrast, S. bayanus outperformed it in the other two media.
When the nutrient utilization efficiency was measured using the saturation cell density in liquid culture, we observed a similar trend. S. cerevisiae is more efficient in glucose medium but S. bayanus is more efficient in glycerol medium ( Figure 5D ). These results suggest that S. bayanus is better adapted to nonfermentable carbon sources, and it is possible that the changes in nutrient utilization efficiency conferred by Sb-AEP2 and Sb-OLI1 are a part of this adaptation.
DISCUSSION
Around 80 years ago, Dobzhansky and Muller proposed that genetic incompatibility could work as the basis of postzygotic reproductive isolation during speciation. Since then, only a handful of speciation genes have been identified and most of their molecular functions are still unclear (Mallet, 2006; Noor and Feder, 2006) . Our study presents the first example of how interacting components from two yeast species cause incompatibility that leads to hybrid sterility. Although previous studies in yeast speciation have emphasized the directly deleterious effect of DNA divergence on chromosome pairing leading to reproductive isolation, several arguments suggest that other mechanisms are probably also involved except in cases of prolonged and complete allopatry. First, DNA sequence divergence only occurs after long separation between populations and its ability to block gene flow is weak in the early stages. Second, most natural yeasts are homothallic, so viable hybrid F1 progeny can easily break this barrier by generating intermediate populations through self-mating (Greig et al., 2002b) . Genetic incompatibility is a good complement to DNA sequence divergence as a reproductive isolation barrier because it can be generated by a few mutations and function in the F2 progeny.
In a similar experiment conducted by Greig, he was unable to identify any strong incompatible gene pair between S. cerevisiae and S. paradoxus (Greig, 2007) . However, this study screened about half of the S. paradoxus chromosomes (nine chromosome replacement lines) and only the hybrid cell viability and vegetative growth rate were examined in those lines. It is still unclear whether incompatible gene pairs exist between these two yeast species. In our replacement lines, only the Chromosome 13 line showed complete sterility. Several lines of evidence suggest that AEP2 and OLI1 are probably the strongest but not the only incompatible gene pair. First, if Sb-AEP2 and Sc-OLI1 were the only incompatible gene pair, we would expect to see that 33% of F2 homozygous diploids were sterile considering that Sc-mitochondria were preferentially transmitted in hybrid progeny. However, we observed that 85% of them were unable to sporulate, indicating that other chromosomes might also contain incompatible gene pairs affecting hybrid fertility. Second, about 70% of the F1 hybrid haploids carrying both Sb-AEP2 and Sbmitochondria were still deficient in respiration, indicating that other S. bayanus genes are involved in the maintenance of Sbmitochondrial functions. Third, in addition to complete sterility observed in the Chromosome 13 line, some of the other hybrid lines also showed minor defects in fitness and sporulation frequency. Previous studies in Drosophila suggest that many incompatible genes have only weak effects when they are alone but work synergistically with the others (Wu and Palopoli, 1994) . It is possible that in yeasts, incompatible gene pairs located on the other chromosomes also act in a similar way.
In yeasts, although the ORFs of mitochondrion-encoded genes are more conserved than those of the nucleus-encoded genes (Clark-Walker, 1991) , the noncoding regions of mitochondrion-encoded genes appear to be very dynamic. Mitochondrial Growth rates of S. bayanus aep2 mutants carrying an ectopic copy of either Sc-AEP2 (dash line) or Sb-AEP2 (solid line) in a glucose-containing medium (A) or in a glycerol-containing medium (B). Cells were preadapted to the media for one or two days and cells in the early log phase were used to measure the growth rate. Error bars are ± 1 standard deviation.
chromosomal rearrangements have often occurred between closely related species or within species (Groth et al., 2000) . The dynamic nature of the mitochondrial genome probably needs to be coordinated by fast coevolution of mitochondrial The N-terminal and C-terminal of the AEP2 gene showed highest protein sequence divergence (46% and 59% identity, respectively, shown in gray color) between Sb-AEP2 and Sc-AEP2. Hybrid genes were constructed by fusing different domains of Sb-AEP2 with Sc-AEP2 to identify domains important for its divergent function. The hybrid genes were transformed into the Chromosome 13 line to test whether they could rescue its respiratory defect. The region between 348 aa and 496 aa of Sc-Aep2 (shown in black color in H-AEP2-m5) was critical for its function in Sc-mitochondria. proteins encoded in the nuclear genome. In addition, the relative size of mitochondrial genome and nuclear genome in yeasts is much higher than that in animals (e.g., 1: 1.5 3 10 2 in S. cerevisiae versus 1: 1.5 3 10 5 in human). It is likely that interactions between mitochondrial and nuclear genes may play a more important role during yeast speciation. Evidence from experimental evolution supports this hypothesis. Zeyl et al. (2005) showed that the yeast mitochondrial genome could change functionally and cooperatively with the nuclear genome in as short as 2000 generations. (A-C) Growth rates of S. cerevisiae (dash line) and S. bayanus (solid line) in a glucose-containing medium, in a glycerol-containing medium and in a transition medium that changed from glucose to glycerol. Cells were preadapted to the media for one or two days and cells in the early log phase were used to measure the growth rate. (D) Saturation cell densities of S. cerevisiae and S. bayanus in a glucose-containing or a glycerolcontaining medium. Cells were grown in liquid culture for 3 days and the cell density was measured. Cell density on day 4 and on day 7 were also measured and no significant difference from measurements on day 3 was found. Error bars are ± 1 standard deviation.
They also showed that mismatched mitochondrial and nuclear genomes from two different strains result in reduced fitness.
We cannot prove that the incompatibility observed in our study contributed to the speciation of S. bayanus and S. cerevisiae. However, several lines of evidence suggest that our observation may not be a single evolutionary incident specific to yeast. We have observed incompatibility caused by unmatched mitochondrial and nuclear genomes in another two closely related yeasts, S. paradoxus and S. cerevisiae (our unpublished data). In addition, several studies in other organisms, including flies, mammals and amphibians, have shown that reduced hybrid fitness caused by incompatibility between the mitochondrial and nuclear genomes occurs in closely related species (Barrientos et al., 1998; Liepins and Hennen, 1977; Sackton et al., 2003) . A recent study by Ellison and Burton (2008) of the marine copepod Tigriopus californicus showed that mixing mitochondrial and nuclear genomes between divergent populations could cause fitness loss in the hybrids, suggesting that incompatibility between nuclear and mitochondrial genomes contributes to the partial reproductive barriers seen in incipient speciation.
The ultimate goal of studying speciation genes is to understand the evolutionary forces driving speciation. It is tempting to speculate that the change in the AEP2 gene might be driven by adaptive evolution for several reasons. First, we tested the growth of four different yeast species, including S. cerevisiae, S. paradoxus, S. mikatae, and S. bayanus in nonfermentable carbon sources, and found that S. bayanus grows better than the other three species ( Figure S5 ). Consistent with this observation, Sb-AEP2 cannot complement the aep2 mutations in S. cerevisiae, S. paradoxus, or S. mikatae, but all forms of AEP2 from these three species can complement each other. Second, from our hybrid gene analysis, we found that multiple critical mutations have occurred during the divergence of the AEP2 functions. The Ka/Ks value is a common indicator of positive selection. AEP2 has a Ka/Ks ratio of 0.24, which is not as high as the values observed in fly speciation genes, but is still higher than the average Ka/Ks ratio (0.13 ± 0.08) in yeast genes. However, we also ran PAML's branch-site model (Yang et al., 2000) , but could not detect significant positive selection on the Sb-AEP2 gene (data not shown). It is still possible that the incompatibility is generated simply by the dynamic nature of the mitochondrial genome.
Why is the Sc-mitochondrion preferentially transmitted in the hybrid cells? One possible explanation is that these two types of mitochondrial genomes differ in the efficiency of DNA replication. It has been estimated that the Sc-mitochondrial genome contains 8 replication origins while the Sb-mitochondrial genome contains only 4 (Piskur et al., 1998) . Even though the Sb-mitochondrial genome is smaller (65 kb versus 78 kb in Sc-mitochondria), it will be replicated at a much slower rate if all the replication origins are equally efficient. Alternatively, the S. cerevisiae nuclear genome may exert dominant effects that prevent maintenance of Sb-mitochondria. We have ruled out this possibility since Sb-mitochondria can be maintained in the hybrid diploid cells from a cross between S. bayanus and a S. cerevisiae r mutant. Our replacement lines provide a useful tool to understand the difference between two yeast species. In addition to obvious phenotypic changes, we will be able to use them to dissect more complicated questions such as the compatibility of regulatory networks between species and the existence of epistasis between different incompatible gene pairs.
EXPERIMENTAL PROCEDURES Strains and Genetic Procedures
Yeast strain genotypes are listed in Table S1 . The parental S. cerevisiae strains (JYL1127 and JYL1128) are isogenic with W303 . The parental S. bayanus strains (JYL1030 and JYL1031) were derived from a strain (S. bayanus #180) collected by Dr. Duccio Cavaliari (University of Florence, Italy). Substitutive and integrative transformations were carried out by the lithium acetate procedure (Ito et al., 1983) . Media, microbial, and genetic techniques were as described (Guthrie and Fink, 2004) .
Hybrid Strain Constructions S. bayanus a and a cells were crossed to S. cerevisiae a and a cells to generate F1 hybrid cells. The hybrid diploids were then induced to sporulate and at least four viable spores (two from each direction) were backcrossed to S. cerevisiae to purify a specific chromosome or chromosome set. After the second round of backcrosses, a collection of 16 S. cerevisiae strains with a URA3 marker inserted near the centromere of a specific chromosome in each strain were used for the backcross. By using these strains, we could select a specific S. bayanus chromosome more efficiently by plating spores on 5-FOA plates. In each round of backcrossing, we examined the chromosome composition of the hybrid lines by PCR using species-specific primers for all 16 chromosomes from both species. Once a strain with correct compositions was obtained, cells were subjected to karyotype analysis using pulsed field electrophoresis (see below). Only the strains passing these two tests were further analyzed using array-based comparative genomic hybridization (see below). Similar procedures were used to construct another set of hybrid lines in which the SPO11 gene was deleted in all the parental strains to prevent meiotic recombination during backcrossing.
Electrophoretic Karyotype Analysis About 1-2 3 10 8 yeast cells were used for plug preparation. Cells were washed, suspended in 1 ml EDTA/Tris (50 mM EDTA and 10 mM Tris [pH 7.5]) with 0.13 mg/ml zymolyase (Seikagaku America Inc., St. Petersburg, FL) and mixed with low melting point agarose (Sigma-Aldrich, St. Louis, MO). After the mixed solution solidified, the plugs were incubated in EDTA/Tris at 37 C overnight and then placed in LET solution (0.5 M EDTA and 10 mM Tris [pH 7.5]) containing 2 mg/ml protease K and 1% N-lauroylsarcosine at 50 C overnight. This step was repeated three times. The plugs were transferred to fresh EDTA/Tris solution and dialyzed at 37 C for one hour. The same dialysis step was repeated four times. Yeast chromosomes were separated and analyzed on a 0.7% agarose gel by the Rotaphor Type V pulsed field gel electrophoresis unit (Biometra, Gottingen, Germany) using its own program (duration: 48 hr, interval: 30 s, angle: 115 , voltage: 120 V, temperature: 13 C) in 0.5 3 TBE buffer.
Array-Based Comparative Genomic Hybridization
Yeast oligoarrays were produced at the Microarray Core, Institute of Molecular Biology, Academia Sinica using an Omnigrid 100 arrayer (GeneMachine, San Carlos, CA). The oligo set (Yeast Genome Array-Ready Oligo Set Version 1.1) was purchased from Operon (Operon, Huntsville, AL). The printing protocol can be found at the Institute of Molecular Biology Microarray Facility web site (http://www.imb.sinica.edu.tw/mdarray/methods). Yeast genomic DNA was extracted using the QIAGEN Genomic-Tip 100/G kit (QIAGEN, Valencia, CA). Probe preparation and hybridization were performed as described (Lieu et al., 2005) . The array data were analyzed using GeneSpring GX (Agilent, Palo Alto, CA).
The array CGH data are available from NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/projects/geo/) under accession number GPL7305.
Competitive Relative Fitness Assay
We measured the growth rates of the hybrid lines by competing them against the reference strain expressing Cwp2::YFP (yEVenus) in rich media at 22 C.
The hybrid cells and reference cells were inoculated in the rich medium individually and acclimated for 24 hr. The cells were diluted and refreshed in new media for another 5 hr. The reference and hybrid cells were then mixed in a 1:3 ratio, diluted into fresh medium at a final cell concentration of 5 3 10 4 cells/ ml and allowed to compete for 24 hr, which represents 4-7 generations of growth, depending on the strain genotype. The ratio of the two competitors was quantified at the initial and final time points in a BD FACSCalibur fluorescence activated cell sorter (Becton Dickinson, Franklin Lakes, NJ). Three independent replicates for each fitness measurement were performed. The growth rates of different hybrid lines were calculated from their relative values to the growth rate of reference strains. The growth rate of the reference strain was obtained by measuring cell density during an 8 hr period of exponential growth.
A Screen for Sb-AEP2 Interacting Genes S. bayanus cells were crossed to a S. cerevisiae strain in which a URA3 marker was inserted near the centromere of Chromosome 13. Hybrid diploids were induced to sporulate and spores were plated on 5-FOA plates. Only haploids carrying S. bayanus Chromosome 13 were able to form colonies on 5-FOA plates. About 500 colonies were replica plated to YEP + glycerol plates to check their respiratory ability.
Quantitative PCR Total RNA was isolated using QIAGEN RNeasy Midi Kit (QIAGEN). First-strand cDNA was synthesized using High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City, CA) at 37 C for 2 hr. A 25-fold dilution of the reaction products was then subjected to real-time quantitative PCR analysis using the SYBR Green PCR master mix, an ABI-7000 sequence detection system (Applied Biosystems), and gene-specific primers. Data were analyzed using the built-in analysis program.
In Vivo Radiolabeling of Mitochondrial Proteins
Cells in the early log phase were inoculated in 2 ml standard minimal medium and grown for 30 min. Cycloheximide stock solution (10 ml/mg in dH 2 O) was added to a final concentration of 100 mg/ml. Cells were incubated for 5 min prior to addition of 0.1 mCi of [ 35 S]-methionine. The reaction was terminated after 1 hr by adding 2 ml of chase solution (1% casamino acid, 2 mg/ml Na 2 SO 4 ). Mitochondria were prepared as described (Guthrie and Fink, 2004) . The radiolabeled proteins were separated on a 15% polyacrylamide gel.
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